The relatively short half-lives of most ␤-lactams suggest that continuous infusion of these time-dependent antimicrobials may be favorable compared to short-term infusion. Nevertheless, only limited solid-tissue pharmacokinetic data are available to support this theory. In this study, we randomly assigned 12 pigs to receive cefuroxime as either a short-term or continuous infusion. Measurements of cefuroxime were obtained every 30 min in plasma, subcutaneous tissue, and bone. For the measurements in solid tissues, microdialysis was applied. A two-compartment population model was fitted separately to the drug concentration data for the different tissues using a nonlinear mixed-effects regression model. Estimates of the pharmacokinetic parameters and time with concentrations above the MIC were derived using Monte Carlo simulations. Except for subcutaneous tissue in the short-term infusion group, the tissue penetration was incomplete for all tissues. T he relatively short half-lives of most ␤-lactams suggest that extended infusion (EI) or continuous infusion (CI) of these time-dependent antimicrobials may be favorable compared to short-term infusion (STI). Nevertheless, different meta-analyses evaluating CI versus STI of various time-dependent antimicrobials have failed to convincingly demonstrate improved clinical outcomes on mortality and clinical cure (1-6). It is noteworthy, however, that in the majority of studies included in these metaanalyses, the total daily dose of antimicrobials was lower for patients treated with EI or CI (1, 2, 5). In a subset of randomized controlled trials (RCTs) in which the total daily dose was equivalent in the two intervention arms, the clinical failure rate was lower for patients treated with CI (1).
T
he relatively short half-lives of most ␤-lactams suggest that extended infusion (EI) or continuous infusion (CI) of these time-dependent antimicrobials may be favorable compared to short-term infusion (STI). Nevertheless, different meta-analyses evaluating CI versus STI of various time-dependent antimicrobials have failed to convincingly demonstrate improved clinical outcomes on mortality and clinical cure (1) (2) (3) (4) (5) (6) . It is noteworthy, however, that in the majority of studies included in these metaanalyses, the total daily dose of antimicrobials was lower for patients treated with EI or CI (1, 2, 5) . In a subset of randomized controlled trials (RCTs) in which the total daily dose was equivalent in the two intervention arms, the clinical failure rate was lower for patients treated with CI (1) .
Inferences about the dosing regimens of antimicrobials are commonly based on plasma pharmacokinetics-pharmacodynamics (PK-PD) indices, despite the fact that the majority of bacterial pathogens reside in the interstitial space of solid tissues. However, incomplete and uneven tissue distribution was eventually demonstrated in a number of studies for different combinations of drug and tissue (7) (8) (9) (10) (11) (12) (13) . As the gap between steady-state plasma concentrations and MICs may be rather limited using CI, incomplete tissue penetration may partly explain why improved clinical outcomes for CI have been difficult to demonstrate, particularly when the total daily dose is reduced.
Deep-seated orthopedic infections, like osteomyelitis and implant-associated infections (IAI), are difficult to treat, often requiring extensive surgical debridement and long-lasting antimicrobial therapy (14) . In a recent porcine study, we demonstrated substantially impaired bone and subcutaneous tissue (SCT) penetration of cefuroxime (15) . The pharmacokinetic profiles suggested that EI or CI of the drug might attain increased time with tissue concentrations above the MIC (TϾMIC) for relevant microorganisms.
Ultimately, the dosing regimens of antimicrobials should be based on results of RCTs for a specific combination of drug, bug, and disease. However, in order to increase the probability of obtaining useful information from such trials, the selection of dosing regimens should be guided by the results from tissue pharmacokinetic studies.
In the present study, we used the microdialysis (MD) technique to obtain the pharmacokinetic parameters of cefuroxime in the SCT and bone of pigs receiving 1,500 mg of cefuroxime as either traditional STI or CI. The primary endpoint of this randomized trial was the TϾMIC, which is the key PK-PD index for cephalosporins (16) .
MATERIALS AND METHODS
This study was conducted at the Institute of Clinical Medicine, Aarhus University Hospital, Denmark. Chemical analyses were performed at the Department of Biochemistry, Aarhus University Hospital. The study was approved by the Danish Animal Experiments Inspectorate and carried out in accordance with existing laws.
Animals, anesthesia, and surgical procedures. Twelve female pigs were included in the study (Danish Landrace breed, weighing 73 to 79 kg). Anesthesia was maintained during the entire study period using a combination of propofol (200 to 550 mg/h, continuous infusion) and fentanyl (0.4 to 0.85 mg/h, continuous infusion). Body temperature was kept within the range of 37.5 to 39.0°C. Normal kidney function, assessed by plasma creatinine level, was confirmed for all pigs before inclusion in the study. pH was monitored during the entire study using arterial gas analysis and was kept within a range of 7.36 to 7.54 by regulating tidal volume and respiratory frequency. The surgical procedures were initiated immediately after the induction of anesthesia. Using two distinct anteromedial approaches, MD catheters were placed in drill holes in the cortical bone of the anterior margin of the tibia and in cancellous bone within the tibial condyles. The depths of the drill holes were 14.5 Ϯ 0.5 mm and 20 Ϯ 1 mm for the cortical and cancellous drill holes, respectively. A 2-mm drill was used for both sites. Drilling was stopped every few seconds in order not to overheat the bone. Before wound closure, the catheters were fixed to the skin with a single suture. At the end of each experiment, it was verified by autopsy that the catheters had not been displaced from the drill holes. The intracortical location of the cortical drill holes was assessed by postmortem computed tomography (CT) scans of the tibia.
In addition to the two bone catheters, a reference catheter was placed in the SCT of the abdomen, according to the guidelines of the manufacturer.
Microdialysis and sampling procedures. The principles of MD have been described in detail elsewhere (17) (18) (19) . Briefly, MD is a minimally invasive probe-based technique that allows for continuous sampling of small unbound water-soluble molecules in the interstitial spaces of virtually all tissues (10, (20) (21) (22) (23) (24) . The diffusion of solutes takes place across a semipermeable membrane at the tip of the probe along the concentration gradient. As the probe is continuously perfused, equilibrium will never occur, and the concentration in the dialysate will represent only a fraction of the actual concentration in the tissue. This fraction is referred to as relative recovery (RR). Consequently, a calibration procedure, in which the RR is determined, is imperative if absolute tissue concentrations are to be determined.
The MD system in the present study consisted of CMA 63 catheters (membrane length, 10 mm; molecular cutoff, 20 kDa) and CMA 107 precision pumps (M Dialysis AB, Stockholm, Sweden). Following implantation, the catheters were perfused with 0.9% NaCl containing 5 g/ml cefuroxime. The perfusion rate was 2 l/min. When surgery was completed, a 30-min tissue equilibration period was allowed. The probes were then calibrated using the retrodialysis method (25) by collecting a sample over a 30-min interval. The RR was calculated using the following equation:
where C in is the cefuroxime concentration in the perfusate and C out is the concentration in the dialysate. Individual in vivo calibration was performed for all catheters. Following calibration, the perfusate was changed to blank 0.9% NaCl, and a 105-min washout period was allowed. A dialysate was collected during the last 20 min of this period in order to assess the efficacy of washout. The animals were then randomly assigned to receive 1,500 mg of cefuroxime (Fresenius Kabi AB, Sweden) as either STI (over 15 min) or CI (500 mg as a loading dose over 5 min, followed by CI of the remaining 1,000 mg over 7 h 55 min). Fifteen hundred milligrams was chosen because it is the standard dose for orthopedic procedures in Denmark, and because the weight of the animals resembled that of an average human being. In both groups, the dialysates were collected every 30 min for 8 h, starting at the beginning of the infusions. For the subsequent data analysis, the cefuroxime concentration in the dialysates was attributed to the midpoint of the sampling interval. The absolute tissue concentrations (C tissue ) were obtained by correcting for RR using the following equation:
Blood samples were drawn from a central venous catheter halfway through every dialysate sampling interval.
Handling of samples. The dialysates were immediately frozen and stored at Ϫ80°C until analysis. The venous blood samples were stored at 5°C for a maximum of 20 h before being centrifuged at 3,000 ϫ g for 10 min. The plasma aliquots were then frozen and stored at Ϫ80°C until analysis.
Quantification of cefuroxime concentrations. The dialysate and free plasma concentrations of cefuroxime were quantified using a validated ultrahigh-performance liquid chromatography assay (reference 15 and M. Tøttrup and T. F. Hardlei, unpublished data). The intrarun (interrun) imprecisions (in percent coefficients of variation [%CVs]) were 5.6% (6.8%) at 0.25 g/ml, 4.3% (4.7%) at 2.5 g/ml, and 2.6% (2.8%) at 10 g/ml for the dialysates. For the free plasma concentration, the intrarun (interrun) imprecision rates were 1.8% (6.5%) at 9.2 g/ml and 1.6% (6.2%) at 38 g/ml. The lowest limit of quantification was defined as the lowest concentration to be measured with an intrarun %CV of Ͻ20% and was found to be 0.06 g/ml for both dialysates and the free cefuroxime concentration in plasma.
Pharmacokinetic analysis and statistics. (i) Population PK modeling. We explored one-and two-compartment models with zero-and first-order kinetics in order to find the best description of the drug concentration in each tissue. A two-compartment model with zero-order appearance and first-order clearance was found to provide the best description of the cefuroxime concentrations in SCT, cancellous bone, and cortical bone. For the free plasma concentrations, an ordinary two-compartment model with first-order kinetics provided the best description of the drug concentration. For CI, the drug concentrations in SCT, cancellous bone, and cortical bone are given using the following equation:
where k 1 is the appearance rate, k 3 is the clearance rate, t is time, I is the continuous infusion rate, and x 0 is the plasma concentration at time zero. For plasma, the drug concentration (C plasma ) is given by:
The drug concentration in the case of STI is obtained from the expressions above by putting I equal to zero. From these expressions, it is possible to determine the TϾMIC, the area under the concentration-time curve (AUC), peak drug concentration (C max ), time to C max (T max ), and in the case of STI half-life (t 1/2 ) (calculated by log 2 /k 3 ), though in the case of the TϾMIC for plasma, this has to be done numerically.
(ii) Statistical analysis. The two-compartment model was fitted to the drug concentration data separately for the different tissues using a nonlinear mixed-effects regression model with a random animal effect for each of the parameters k 1 , k 3 , x 0 , and I. The washout concentrations were low and as such were neglected in the analysis. Monte Carlo simulation was used to determine 95% confidence intervals for the TϾMIC, AUC, C max , T max , t 1/2 , and the ratio between the AUCs, as well as the test for no difference between bolus and continuous infusions with regard to these quantities. More specifically, this was done by simulating 50,000 curves from the joint asymptotic normal distribution of the parameter estimates, calculating the derived quantities for each set of parameters, and then determining the 95% confidence intervals from the empirical distribution of these. The confidence intervals for the ratio between the AUCs were derived under the additional assumption that parameter estimates corresponding to the different tissues were independent. The data were ana- 
RESULTS
All 12 experiments were completed, and no MD-related problems were encountered. In one of the pigs receiving CI, the postmortem CT scan revealed that the cortical drill hole penetrated to the bone marrow. Thus, the measurements obtained from this hole were excluded from the analysis. The mean Ϯ standard deviation [SD] in vivo RRs were 15.4% Ϯ 6.5%, 20.9% Ϯ 10.4%, and 13.6% Ϯ 5.8% for cortical bone, cancellous bone, and SCT, respectively. The mean Ϯ SD concentrations in the washout samples were 0.09 Ϯ 0.07 g/ml, 0.02 Ϯ 0.02 g/ml, and 0.03 Ϯ 0.03 g/ml for the same anatomical sites, respectively. The mean observed concentrations and population fitted concentration-time profiles are depicted in Fig. 1 . The observed versus fitted cefuroxime concentrations are shown in Fig. 2 .
Estimates of the key standard pharmacokinetic parameters for free plasma, SCT, cancellous bone, and cortical bone are shown in Tables 1 and 2 . The corresponding mean concentration-time profiles are displayed in Fig. 3 . Comparisons of the AUC, tissue penetration ratios, and TϾMIC between the STI and CI group can be found in Tables 3 and 4 , respectively. In Fig. 4 , the relationship between the TϾMIC and MIC is depicted for free plasma, SCT, cancellous bone, and cortical bone.
Except for SCT in the STI group, tissue penetration was incomplete for all tissues. Both the tissue AUCs and tissue penetration ratios were generally found to be lowest in the CI group. For cancellous bone, the tissue penetration ratio for CI was significantly lower than that of STI, whereas for SCT and cortical bone, this ratio only just failed to be significantly lower for CI. Nevertheless, a significantly longer TϾMIC was found for CI up to MICs of 4 g/ml, 2 g/ml, 2 g/ml, and 0.5 g/ml for plasma, SCT, cancellous bone, and cortical bone, respectively. The same is true for lower MICs for all tissues, but with increasing MIC, the differences in TϾMIC between STI and CI leveled out, with TϾMIC eventually becoming higher for STI than that for CI for high MICs in the solid tissues (Fig. 4 and Table 4 ).
DISCUSSION
This is the first article to report concurrent pharmacokinetics of a ␤-lactam antibiotic in plasma, SCT, and bone administered as STI and CI. The main finding is that a longer TϾMIC can be achieved using CI rather than STI of a drug with a short half-life, like cefuroxime. Nevertheless, the data also clearly indicate that with a CI approach, the gap between tissue concentrations and MIC may be limited or even inversed, depending on the tissue type and MIC. A similar relationship has been found for piperacillin (26) . From this point of view, it is not surprising that convincing evidence for the superiority of CI over STI has been difficult to establish, despite the apparent theoretical advantages. Accordingly, the practice of lowering the total daily dose for CI seems unsafe. In recent years, therapeutic drug monitoring (TDM) has become increasingly available as a routine analysis method in the daily clinical setting. As the pharmacokinetics of ␤-lactams has been shown to be unpredictable and display considerable interindividual variation, particularly in critically ill patients (27, 28) , TDM is expected to optimize PK-PD target attainment and thus ultimately improve the treatment of serious infections (29) (30) (31) .
Our data suggest that care should be taken when adjusting antimicrobial dosing that is based merely upon the plasma concentrations and MICs of isolated pathogens, as incomplete tissue penetration may result in subtherapeutic tissue concentrations at the site of the infection. CI obviously has the potential to improve target attainment. However, if tissue penetration is substantially incomplete, CI may result in subtherapeutic concentrations at the site of infection for the entire dosing interval. On the other hand, STI may provide therapeutic concentrations but only for a limited part of the dosing interval. Clearly, tissue concentrations cannot be measured in the individual patient, but the available data on tissue pharmacokinetics for the specific combination of drug and infection should be integrated in the clinical decision making in order to prevent treatment failure. It was recently argued that an aggressive target of obtaining free plasma concentrations of 4 to 5 times the MIC for the entire dosing interval may be more predictive of a successful clinical outcome (31) . At least for critically ill patients, in whom heterogeneous tissue distribution has been well documented (10, 11) , our findings for CI support this aggressive approach.
A key finding of this study is the heterogeneous tissue distribution of cefuroxime, which was present regardless of the type of administration of the drug. In agreement with our previous study, the poorest tissue penetration was found for bone (15) . Somewhat surprisingly, bone penetration in the CI group was poorer than in the STI group, but this seems partly compensated for by higher free plasma AUCs. Based on the present data, it can be speculated that plasma-tissue equilibrium may be concentration dependent in a dynamic manner. However, this hypothesis obviously needs further investigation.
Our finding of bone penetration ratios of approximately 1:3 to 2:3 suggests that incomplete tissue penetration may partly explain the prolonged antimicrobial treatment needed for osteomyelitis and IAIs. Accordingly, in terms of TϾMIC, a standard target of remaining at Ͼ2 g/ml for 50% of the dosing interval was achieved in neither cancellous nor cortical bone using traditional STI. The majority of isolated Staphylococcus aureus exhibits MICs of 1 g/ml (http://mic.eucast.org/Eucast2/SearchController /search.jsp?actionϭperformSearch&BeginIndexϭ0&Micdif ϭmic&NumberIndexϭ50&Antibϭ46&Speciumϭ-1). Based on the TϾMIC values for CI, it appears that increased TϾMIC can be achieved using CI but only for low MICs. Nevertheless, in order to remain above the MIC for the entire dosing interval for pathogens with higher MICs, the total daily dose needs to be increased, which also seems reasonable for serious infections. Although pigs resemble humans in terms of physiology and anatomy (32), the major limitation of this study is obviously that it is not a clinical study. Consequently, the findings cannot readily be extrapolated to humans or to pathological conditions. Moreover, the pigs had to be kept under general anesthesia during the entire study period, which is known to cause physiological alterations that may affect pharmacokinetics. This also precludes the opportunity to conduct measurements after the administration of multiple doses of cefuroxime. Nonetheless, it seems rational to use this large-animal model to explore the basic concepts of CI versus STI, focusing on the role of antimicrobial tissue penetration. This approach provides a sound foundation for future clinical studies, while attention is drawn to the possible pitfalls of CI and incomplete tissue penetration.
Over the last decade, MD has become the method of choice for obtaining antimicrobial tissue pharmacokinetics, including the particular case of bone (7, 10, 18, 20-24, 26, 33-37) . Due to mandatory correction for RR in pharmacokinetic studies, a magnification of the variations associated with the preanalytical sample handling and chemical assay is inherent to the MD approach. These variations will increase exponentially with decreasing recovery (17) . Consequently, MD studies should always be interpreted with this possible limitation in mind. Our finding of the comparable variations of the pharmacokinetic parameters in plasma and solid tissues suggests that our setup was adequately reliable in terms of precision and that a significant part of the variation can be regarded as biological.
In conclusion, the findings in the present study indicate that CI of ␤-lactams with short half-lives may be favorable compared to STI, if dosed appropriately. These animal data cannot be applied uncritically in a clinical setting, but incomplete tissue penetration of antimicrobials should be considered when planning CI and using TDM. For bone, the tissue penetration was substantially incomplete. The high rates of treatment failure for osteomyelitis and IAIs may therefore partly be attributable to incomplete target site penetration of the antimicrobials. MD seems to be a valuable and reliable tool for investigating these matters, and as such, clinical studies with similar methodological setups are warranted.
